NATURALLY LUBRICATED
SYSTEMS?

ABSTRACT

Based on an experimentally observed behavior,
a friction metaphor is suggested here as an ex-
planatory mechanism of the clockwise hysteresis
resulting when applying the drug Zstk to kidney
cancer cells as a way to disrupt the AKT signaling
pathway driving the proliferation state. The fric-
tion metaphor is based on some realized similari-
ties between kinetic mechanical friction (as a re-
sult of the relative motion between two rigid sur-
faces in contact) and the responsive cellular be-
havior (resulting from the application of the Zstk
drug). The metaphor friction suggest a possible
connection between sustained oscillations mani-
fested by a mathematical model of a reduced ver-
sion of the AKT signaling pathway, and the dither
process (virtual lubrication of mechanical systems
via induction of vibrations). It is then suggested
that some oscillatory behaviors in mechanical sys-
tems would be driving reactivity responses to en-
vironmental stimulus, which would allows to re-
gard some biological systems as naturally lubri-
cated systems.

1. FRICTION IN MECHANICAL SYSTEMS

Friction is a common term in colloquial lan-
guage essentially defining the kinetic force resist-
ing the relative motion of two surfaces in contact
(named dry friction if involving solid objects, and
fluid friction if involving a solid and a gas or lig-
uid). As an empirically observed phenomenon,
friction (which converts kinetic energy into ther-
mal energy) is a force derived from electromag-
netic forces between atoms and electrons, being
dry friction caused by chemical bonding between
the surfaces in contact. This bonding is classi-
cally described in mechanical terms considering
that the surfaces in relative motion are in contact

through idealized bristles, which model the rough-
ness of the surface. The friction force is then ex-
plained by tribology (the science of friction) prac-
titioners by the effort needed to move two brushes
relative to each other, with their bristles in con-
tact. Using this analogy, the difference between
static and kinetic friction could be explained by
the fact that, at relatively higher speeds, the bris-
tles may jump over gaps resulting in a less oppo-
sition to the motion. The reduction of friction
due to lubrication could also be explained by lu-
bricant filling up the gaps. As far as mathemat-
ical modeling of friction is concerned, the Dahl
model captures the essence of the experimentally
observed phenomenon, and specifically describes
the clockwise (CW) hysteretical phenomenon ex-
perimentally observed (see Figure [1]).

Since kinetic friction is frequently a source of
degradation of the involved surfaces (e.g. fric-
tion tears the shoes up when walking), lubrica-
tion (i.e. the addition of a lubricator between the
surfaces in relative motion) is a common mecha-
nism to reduce the strength the friction force (it
must be pointed out that not always friction is an
undesired phenomenon, under certain conditions
friction is even added to some classes of feedback-
based controlled mechanical systems (servomech-
anisms for short) in order to stabilize them, see
for instance [2] and the references therein). Lubri-
cation is not necessarily a procedure involving a
physical lubricator, as we explain in what follows.

2. DITHERING AS A MECHANISM TO
COMPENSATE FRICTION

When considering lubrication, it can be per-
formed by a physical procedure (just consisting
in the addition of a lubricator between the sur-
faces in relative motion, e.g. some kind of oil
in the case of metal surfaces) or a wvirtual one
(though it is also a physical procedure). During
the Second World War, engineers remarked that
airplane autopilots (mechanical systems includ-
ing gear trains) worked better in flying airplanes
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FiIGURE 1. DAHL’S FRICTION
MoDEL. This figure shows the
clockwise (CW) hysteresis which
characterizes experimentally ob-
served kinetic friction. F denotes
the friction force, X denotes de
relative motion between the two
surfaces in contact, F,. denotes the
Coulomb friction, o is the stiffness
coefficient, and « is a parameter
that determines the shape of the
stress-strain curve (the value a = 1
is most commonly used). v denotes
the velocity, and the arrow heads
shows the direction of motion. As
can bee seen in this model the
friction is supposed to be only a
function of the displacement and
the sign of the velocity (which
can be then understood a logical
variable).

than in the design table on land, and they con-
cluded that high frequency disturbing forces gen-
erated by the vibratory behavior of the airplane
played the role of lubrication. Engineers installed
then small motors in the autopilots to induce vi-
brations and consequently reduce friction, and it
worked (see for instance [3]). In terms of the ide-
alized bristles, the induced vibrations reduced the
gap between them acting thus as a lubricator.
This friction compensation mechanism is called
dither (a word which comes from a British collo-
quialism for “undecidedness”, or “wishy washi-
ness”) and it is in fact a very common proce-
dure to improve precision in servomechanisms,
like the one insuring the accuracy of the position

of radiotelescope anthems (see for instance [1]).
The dither concept is also applied in both audio
and video engineering to avoid audio signals to
be “not fluid” because of quantization error due
to packing high resolution signals as low resolu-
tion ones (see for instance [4] and the references
therein), and to produce digital halftoning in pic-
tures coming from quantized visual signals (see
[5] and [6]), respectively. As can be seen, friction
is not a concept restricted to mechanical systems.
In what follows we shall introduce some ideas con-
cerning its application to the understanding of a
dynamical behavior observed in a well-known can-
cer signaling pathway, when considering a drug
targeting procedure.

3. THE HYSTERETICAL PHENOMENON IN
CANCER MODIFIED SIGNALING PATHWAYS

When applying the Zstk drug to kidney can-
cer cells, the AKT signaling pathway is disrupted
(the expression of the Pi3K is inhibited), which
is translated in terms of the relation between the
concentration of Zstk and nuclear FOXOla, as
shown in Figure 2] In both curves of this figure
each point corresponds to the measured steady
state of nuclear FOXO1a concentration for a given
concentration of the Zstk drug, characterized via
fluorescent-based microscopy of a genetically en-
gineered set of inmortalized human kidney cells
(the nucleus of the cells is marked by a histones-
bound fluorescent dye) and the transcription fac-
tor FOXO1la is also marked with a fluorescent
dye to match its evolution on time. The treated
case corresponds to cells previously treated with
Zstk, but which have been washed to eliminate
the drug. As can be seen when comparing Figure
2] with Figure[I] the FOXO1la-Zstk relation shows
CW hysteresis.

In words, the cells treated with Zstk remem-
ber it after being washed. In fact hysteresis de-
scribes a memory-induced phenomenon (in the
case of ferromagnetic memory devices used in dig-
ital computers, counter clockwise (CCW) hys-
teresis rules the recording process). Following
the friction concept in metaphorical terms, the
Zstk concentration can be interpreted as the dis-
placement, while the concentration of the nuclear



NATURALLY LUBRICATED SYSTEMS?

Pi3K inhibitor
0.9
no pre-treated )
[ —— pre-treated -1 1
. A
o | A -
> ,
Q o6t
©
2
S
0.3
0.1 1 5
Zstk [uM]

Ficure 2. CW HYSTERESIS IN
THE FOXO1A-ZSTK RELATION.
This image shows the behavior ob-
served experimentally when dis-
rupting the AKT signaling path-
way through the application of the
Zstk drug, in two different cases:
the non-pretreated case (in red)
and the treated case (in black).

FOXO1la can me interpreted as the resulting fric-
tion force, which in this case is the desired conse-
quence of the application of Zskt (since the pres-
ence of FOXO1a in the nucleus of the cells means
that the cellular proliferation state is stopped).
When adding a mTOR raptor inhibitor to the
cells treated by Zstk hysteresis disappear, i.e. there
is no significant difference between the treated
and the non-treated cases (see Figure [3). Note
that the level of the measured steady state of
FOXO1a, for a given concentration of Zstk, is re-
duced (when comparing with the corresponding
level observed in the non-treated case as depicted
in the red curve in Figure . In terms of the pro-
posed friction metaphor, the inhibition of mTOR
raptor acts as the addition of a lubricator, reduc-
ing then the friction force (i.e. the level of nuclear
FOXO1a). In this case Zstk is less effective.

4. IS THERE DITHER IN THE SIGNALING
PATHWAY?

When considering the experimental results thro-
ugh the friction metaphor, it is a logical conse-
quence to ask about the possible presence of a
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FIGURE 3. DISAPPEARING HYS-
TERESIS INHIBITING MTOR RAP-
TOR. The figure shows the exper-
imentally observed FOXOla-Zstk
relation when the treated cells are
modified in order to suppress the
expression of mTOR raptor.

like-dither process in the signaling pathway. The
immortalized kidney cells suffers from the disrup-
tion of its AKT signaling pathway, which pro-
motes cellular proliferation, and the application
of the reversible drug Zstk stops this undesired
phenomenon, while the supplementary addition
of a mTOR inhibitor makes CW hysteresis un-
observable. If friction was not present (which is
to say if the level of nuclear FOXO1la was zero), it
would suggests the presence of lubrication. Since
Zstk works via the inhibition of Pi3K| this protein
would be mastering a like-dither process (always
in terms of the friction metaphor). When consid-
ering a nonlinear differential equation model of a
reduced version of the AKT signaling pathway,
concerning the behavior of the cellular concen-
trations of the proteins mTOR rictor, PDK1p,
AKTp, AKT, pAKT, pAKTp, and pAKT (mT-
OR raptor is modeled as the difference between
the initially available mTOR raptor protein and
the rictor one), sustained oscillations appears, as
shown in Figure {4} for the parameters and initial
conditions shown in Table [II

Since the oscillations displayed by the simu-
lated dynamics are high-frequency ones, it would
very hard to check if this property of the model
corresponds to real sustained oscillations in the
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signaling pathway. Perhaps the oscillatory behav-
ior is only a model artifact. However, the question
deserves to be addressed. When considering the
observed hysteretical behavior, it must be pointed
out that the considered Dahl model assumes that
4 1/ between the surfaces in relative motion the con-
) (ag) b+ b ’ ' ) tact is due to the presence of idealized bristles
o = A ) et e TR (considered as a sort of springs), and hystere-
fo = " ) = S5 05, 09) = S o)+ 05 (o ) = 45 () sis is explained in terms of change of the elastic
properties of the bristles. If the idealized bristles
were oscillating, the hysteretical behavior would
be attenuated. Thus, hysteresis would appear

when applying Zstk because the sustained oscil-

K05,

FIGURE 4. SUSTAINED OSCILLA- lations of the non manipulated signaling pathway
TION IN THE AKT SIGNALING are damped. Inhibition of mTOR raptor would
PATHWAY. This figure shows the then reestablish the underlying dither process.

oscillatory behavior of the cellular
concentrations of rictor (in blue)

and active AKT (i.e. pAKTp, in 5. SOME CONCLUDING REMARKS

red). Since biological systems are nonlinear dynamic
name | quantity value or i cond. systems, they are able to exhibit sustained oscil-
a1 | OpAKT rictor 10 lations (see for instance [7] and []], and the refer-
a2 | %jctor AKT 20 ences therein), which are frequently related to the
Zj zigiﬁ@f}{; 240 synchronization of cellular activities with environ-
@ | apps AiKTp T mental rhythms (e.g. circadian cycles) or intracel-
a5 | OpTEN_AKTp 1 lular communication. This behavior is generally
a7 | aaptor PDKlp 10 driven by the interplay of collaborative and com-
2 gg}iq]p] 500-00 petitive feedback loops ruling the regulatory cel-
25 | [AKTY) 0.0 lular networks. However, experience proved that
zs | [AKT] 100.0 similar properties emerges in natural and artificial
5 [pig?} 8'8 systems (like modularity, see for instance [9]). As
fé E;]; AK; tor 10 was pointed out previously, concepts like dither,
K> KfictorJ;KT 5.0 originated in the study of friction in mechani-
K5 | Kpp2A pAKT 0-1 cal systems, has found its place in some other
? gPDKleAKT 100'10 engineering domains. The experimental results
KZ Kiié?\}’ff{? 03E that motivates this paper, as well as the ability

- P .

K7 | Kyaptor PDK1p 100 of the mathematical model of the reduced AKT
75| [PP24] 150.0 signaling pathway, suggest that like-dither pro-
z | [PTEN] 200.0 cesses may be also present in biomolecular sys-
ul mTOR_total 100.0 . L
ws | PDK1 total 1000 tems. In fact, phenomena like friction and hys-
b1 | Praptor.2.rictor 1.0 teresis, related to underlied by oscillatory distur-
b2 | BPDK1.2 PDK1p 5.0 bances, have been described in the molecular mech-

TABLE 1. Parameters and initial anisms driven the behavior of force length and

conditions for the simulation shown force calcium relations in muscles (see [10]). The

in Figure EI friction metaphor suggest that oscillatory behav-

iors may be not only a mechanism involved in
synchronization and communication, but also a
mechanism driving reactivity responses, which is
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of particular interest when considering drug tar-
geting strategies.
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